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PREFACE 


In the summer of 1945, when it was evident that invasion of the Japanese 
home islands was imminent, the U. S, Naval Technical Mission to Japan was 
established to evaluate the accomplishments of the Japanese in naval technol- 
ogy and related fields. Of primary importance to the object of the mission 
was the acquisition of the maximum amount of information in the shortest 
possible time after the country was entered, Each day's delay allowed addi- 
tional Japanese equipment and documents to be destroyed and made it easier 
for key Japanese personnel to disappear, With this in mind, the first entry 
into Japan by mission personnel was made early in September, and the activi- 
ties of the mission were highly concentrated over the next few months, ter- 
minating finally in December. 


One of the many phases of the Japanese technical war effort in which 
mission investigators were interested was the program directed toward ob- 
taining liquid fuels from coal and other sources. The Japanese navy 
attached tremendous importance to research in this direction, and in 1945, 
approximately 3,200 persons, including about 400 technically trained per- 
sonnel, were employed at the First Naval Fuel Depot at Ofuna, where every 
known phase of fuel and lubricant technology was being investigated, ~ 
Research and development work involving both direct and indirect coal- 
hydrogenation processes also was being carried out in such places as the 
Institute of Fuel TechnOlogy at the Imperial University of Kyoto, the 
Imperial Fuel Research Institute of the Department of Commerce and Industry, 
the Hokkaido Synthetic Petroleum Co., Inc., and the Tokyo Institute of 
Physical Chemical Research, The relation of the Imperial Fuel Research 
Institute to the Japanese economy corresponds rather closely to that of 
the Bureau of Mines in the United States, In coal-hydrogenation investiga- 
tions conducted there, emphasis was placed upon assays and fundamental 
studies rather than production, It was said that over a hundred Japanese 
coals had been so studied. 


As Japan is extremely deficient in petroleum resources, it is not sur- 
rising to discover that organized effort had been made to obtain liquid 
fuels from sources that would otherwise appear fantastic. In attempts to 
supplement their supplies of motor fuel, so necossary to the prosecution of 
mechanized warfare, the Japanese investigated the potentialities of such © 
source materials as orange peels, rubber, and pine needles and studied the 
hydrogenation of coal more extensively than. any other’ nation except Germany. 
Their rewards for these efforts, however, were meager. Although plants for 
producing synthetic liquid fuels were constructed and operated, their output 
fell disastrously shart of the magnitude necessary to support the Japanese 
military machine. Maximm production was attained in 1944, for which the 
total yearly synthetic-fuel output was reported as 955,000 barrels, divided 
among the various processes in the following manner: hydrogenation (of tars 
and other oils) = 5,780 barrels; Fischer-Tropsch process = 149,250 barrels; 
and low-temperature carbonization = 899,970 barrels. 
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To provide an insight into Japanese research methods and to determine 
the direction taken by synthetic fuel research in Japan both before and 
during World War II, mission investigators cbtalned a number of papers and 
reports from the organizations listed above, These papers, of which the 
following is exemplary, have been translated and carefully examined. for 
‘many reasons, the English translations must be regarded with reservations. 
The conversion of Japanese text to its English equivalent is complicated 
by extreme language difficulties; in many cases, words do not exist in the 
one language for ideas exoressed in the other. The task was complicated 
further by a lack of familiarity with the field of synthetic liquid fuels 
-on the part of some of the translators. In addition, it must be emphasized 
that many of the discussions to-be found in these papers were based on 
theories which, at that time, were accepted as valid by most of the scien- 
tific world, but which have since been discarded in the light of subsequent 
experimental evidence. Despite the accompanying qualifications, it is folt 
that these papers are instrumental in establishing an appreciation of 

Japanese research efforts in the field of synthetic liquid fuels, 


ABSTRACT 


Starting on a small scale, the equipment for processing synthesis gas 
to form liquid hydrocarbons was expanded to handle 100 m.3/nr. This reactor 
was successfully designed and constructed, and a basis for future design 
methods was established. Because, however, this work was carried out on an 
empirical basis, it is felt that a more thcrough theoretical etudy should be 
made in an effort to increase the efficiency of the process, particularly in 
the development of a simpler converter, 
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INTRODUCTION 


It-is well known that the development of a new reaction on a laboratory 
scale does not by any means guarantee its successful application in an indus- 
trial-scale operation. As a matter of fact, the history of industrial chem- 
istry contains numerous examples of where much more time and effort were con- 
sumed in developing a certain reaction to a commercial scale than were consumed 
in its discovery, The difficulties encountered in accomplishing this transi- 
tion usually fall into two general classes, namely, (1) the selection of a 
suitable construction material to withstand the corrosive effects of the sub- 
stances to be used in the process, and (2) the design and fabrication of 
suitable equipment to carry out the particular reaction on a commercial scale, 
These problems generally can be solved by constructing an experimental pilot 
plant where such chemical and mechanical difficulties can be anticipated and 
where important design data can be Obtained. 


Fortunately, in the synthesis of hydrocarbons no great problem exists 
in the choice of materials, but the design of the equipment presents many 
difficulties. The design of equipment for the chemical process industry 
constitutes one of the most important departments in the science of chemical 
engineering. This branch of science, however, has not developed as yet to a 
level where such design may be achieved successfully solely by the use of 
pencil and paper. One reason for this may be the inadequacy of the actual 
theories on which the science of chemical engineering is currently based. 
However, it seems probable that incomplete knowledge of the actual values 
for constants, such as the heat conductivity and elasticity of construction 
materials, has been a greater obstacle. 


In conducting the pilot-plant experiments on the hydrocarbon synthesis 
at Kyoto Imperial. University, a 5-year program was planned to culminate in 
operations on a scale representative of that of an actual industrial plant. 
This size was thought to be a pilot plant mme-tenth the size of that to be 
used industrially, or one that would handle 100 m.3/nr. of gas. The object- 
ives of the experimental program were proposed as follows: 


1. To use as many theoretical calculations as possible in the 
design of the pilot plant. 


2. To derive the most accurate figures possible by laboratory 
methods for all experimental data, even if they appear to 
be of dubious value. 


3. To enlarge gradually the scale of the equipment employed to 
approach commercial-scale operation, | 
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In the opinion of the author, the above criteria should be applied to 
all pilot-plant experiments. Much time, labor, and money have been wasted 
in Japan on pilot-plant experiments because such a program was not followed. 
Of course, depending on the time and money available and, perhaps, on the 
knowledge of the scientists involved, rigid adherence to such a pattern may 
‘not be possible. It is believed, however , that the success of the program 
at Kyoto, which was completed in "3.1/2 yours instead of the anticipated 5, 
was strongly dependent on this program. In the Pinal expansion of the 
equipment to a throughput of 100 m,2 /hr. , it was not even necessary to make 
a preliminary test of the equipment. Actual operations were conducted 
immediately after construction was completed; continuous operations were 
carried out for 2 weeks with no significant difficulty at any time. 


Since 1927, extensive studies have been conducted on catalysts for the 
synthesis of petroleum hydrocarbons from carbon monoxide and hydrogen . 
(Fischer-Tropsch process) in the laboratories of Professor Kita of Kyoto 
Imperial University. Among the successful catalysts discovered was one 
containing iron as the main constituent, Bench-scale studies of the Fischer- 
Tropsch synthesis made with cobalt catalysts were begun in 1939 in a water- 
cooled reactor at a throughput of 6 cubic meters of synthesis gas per hour. 
The successful completion of these studies in the fall of 1939 led toa 
contract for the design and construction of a pilot plant to accomodate a 
synthesis-gas throughput of 100 cubic meters per hour, the work to be con- 
pleted by July 1940, On July 17, 1940, experimental operations were begun 
in this pilot plant. A continuous operation, experiment No. 17, was started 
on Auguet 3 and continued for 18 days; a detailed description of the cexperi- 
ment is given in this report. On the basis of these results, the Hokkaido © 
Synthetic Fuel Co., Ltd., proposed the design and construction of a commercial- 
scale plant to accomodate a throughput of 1,000 cubic meters of synthesis gas 
per hour. Because of the acute shortage of cobalt, however, these plans, 
which called for the use of cobalt catalysts, were temporarily abandoned, and 
intensive research on iron catalysts was begun in the 100 nm. 3 for. converter . 


Extensive studies of iron catalysts at the Kite laboratory showed that 
151 cc. of liquid products could be obtained from 1 cubic meter of a l-to-l 
mixture of CO and H,, 4 yield that compared favorably with cobalt catalysts. 
Although ea short life was anticipated for iron catalysts, laboratory tests 
demonstrated that it was possible to extend the effective life considerably 
in several ways, among them by lowering the reaction temverature and by using 
a hydrogen-rich synthesis gas. Enough iron catalyst was prepared, therefore, 
to allow operation on a pilot-plant scale. The experiment covering this work 
(No. 18) extended from October 17 to November 6, 1940, and the actual life of 
the catalyst was found to be even greater than that predicted by laboratary 
tests. 


IMPORTANT ASPECTS OF PLANT ITESIGN 


The equipment canprising the pilot plant for the synthesise of hydrocarbons 
consists of many units, such as the desulfurizer, the converter, tne condenser, 
the activated charcoal absorber, and others, but the most important, and the 
most difficult in its design, is the converter in which the catalytic reactions 
take place. The greater part of une following discussion is devoted, there- 
fore, to the converter, 
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The difficulty in designing a suitable converter lies in the fact that 
the reactions occurring in the synthesis of hydrocarbons are chiefly heat-~- 
producing and that the temperature of the catalyst bed as a whole must be 
maintained at a constant value with little or no fluctuation. According to 
calculations made in this laboratory, the heat produced by the hydrocarbon 
synthesis using 1 cubic meter of gas containing pure carbon monoxide and 
etree reaches 450 kcal. If the reaction is conducted adiabatically, 
the catalyst bed may reach temperatures over 1,000° C. This obviously can- 
not be tolerated, as the catalysts found to be effective in the synthesis of 
hydrocarbons have proved to be extremely sensitive to temperature; a varia- 
tion of more than 2° C. in the catalyst temperature produced undesirable 
results. Thus, for each catalyst used in the hydrocarbon synthesis, there 
exists an optimum temperature. A slight decrease in this temperature will 
cause an immediate decrease in the reaction velocity with the formation of 
smaller amounts of hydrocarbons; similarly, a slight increase in this optimm 
temperature will tend to produce a large amount of methane and other gaseous 
hydrocarbons, with the result that less liquid products are formed. There- 
fore, in the design of a converter, it is of utmost importance to arrange to 
remove the heat of reaction and to mintain the catalyst: bed within the re- 
quired temperature limits. Eventually this problem can be reduced to one 
of heat transfer. v ; 


The basic relationship for the transfer of heat is well known. If the 
cooling surface area is represented by "A" and the heat transfer coefficient 
is "K" when the average temperature difference is "At,* then the amount of 
heat that will flow in a unit of time will be; 


ek At. 


Where a simple wall separates the cooling medium from the heat source, the 
heat-transfer coefficient, K, may be defined as3 


1.i1,g¢,1 

Kh,” * bh, 
where is the film coefficient on the side of the wall containing the heat 
source (in this case, a gas), and where h, is the film coefficient on the 


side of the wall containing the — (liquid) medium; ,frepresents the 
thickness of the separating wall, aX is its thermal conductivity. 


Studies by such investigators as A. P. Colburnt/ on the film coefficient 
existing when gas is passed through a tube filled with catalyst are very in- 
complete. This lack of fundamental information discourages any successful 
desig of a converter by theoretical considerations alone. Either water or 
oil can be used as coolants, but because no method is lmowm for computing _ 
the ?ilm coefficients for these substances when they are used in an apparatus 
of complicated shape, it.was necessary to determine experimentally the area 
of cooling surface required per unit volume of catalyst. At first, synthesis 
was carried out in an apparatus into which 100 1. of gas was introduced per hour. 


34 To be published. 


4/ Colburn, A. P., Ind. Ing. Cheme, vol. 23, 1931, De 910.. 
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From consideration of previous results, the experimental scale was gradually 
enlarged, and the type of coolant and the distribution of the cooling pipes 
were varied to obtain the data necessary for subsequent expansion. A detailed 
description of the converters studied follows; table, 1 lists the types of 
converters investigated. 


TABLE 1. - Types of converters investigated in pilot- 
; lant synthesis of hydrocarbons b 
Fischer-Tropsch process 


Hourly gas | Date 
flow rate Type of heat removal employed testing completed 


100.1. eccceee | HOt O11 Cutside of catalyst tubes, July le, 1937 


10 Me @eee0 0 do. May 13, 1938 
3 mo .eecee | Hot O11 inside tubes, catalyst outside, {July 13, 1938 
10 n.3 coovce do. November 13, 1938 


6 m3 @oeeee0e08 


; Hot water inside tubes, catalyst outside. |Septomber 14, 1939 
100 m. @2@20e08080 


do, July 15, 1940 _ 


INNER=-CATALYST CONVERTER (100 1./HR.) USING OIL AS COOLANT 


Description of Equipment 


Three converters, each differing in catalyst-volume :cooling-area ratio, 
were constructed. Three tubes, possessing inside diameters of 25 m., 35.7 
mm,, and 55 mm., were each filled with 1002 cm,> of catalyst. A gas flow 
of 100 1, - was then passed through cach tube while hot oil was circulated 
around the tubes as a cooling medium. 6/ The formation of product oil was 
then correlated with the temperature difference between the cooling medium 
and the catalyst, : | 


The Plow diagram of the process as it was carried out in this test is 
shown in figure 1. ‘The synthesis gas used was first passed through a flow 
meter (1), where its volume was measured, following which it was passed 
through a dehydrator (2), where its water content was removed. The dried 
gas was then heated to approximately reaction temperature in a preheater 
(3), from which it was sent into the converter (4). The products and the 
unreacted gases were led to a cooler (5), where the ofl fraction of compara- 
tively high boiling point (Diesel o11) and the water were condensed and 
collected (6). The volatile oil product and the gaseous fractions such as 
propane and butane, which did not condensc in the cooler, were then adsorbed 
in activated charcoal traps (7). The remaining gas was passed through the 
wet test meter (8) before it was releascd. A constant temperature was main- 
tained in the converter in the following manner: The coolant oil stored in 


2/ Editor's Note; This figure is given as 1,000 om, 3 in later paragraphs, 
6/ Editor's note: Same as German “inner-catalyst converter," Refer to 
- Bureau of Mines Inf, Circ. 7587, The Evaluation of Converters for 
Exothermic and Endothermic Catalytic Reactions Occurring within Narrow 
Temperature Limits, by Gustav Wirth, translated and revised by R. C. 
Grass and H. J. Kandiner. 
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Figure 2. - 25-mm. |.D. inner-catalyst converter. 
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tank (9) was sent into a preheating apparatus (11) by pump (10). The oil, 
heated to the desired temperature, was then passed through the converter 
(4), after which it was collected in tank (12) and returned to the storage 
tank (9). 


The volatile oil fraction adsorbed on the activated carbon was stripped 
off with superheated steam. Auxiliary equipment included the steam boiler 
(13), the steam superheater (14), the cooling equipment for the discharged 
volatile oil and steam (15), and the collecting tank (16). 


Cross sections of the converters used in this test are illustrated in 
Pigures 2, 3, and 4, which show respectively, that four 25-mm I.D. catalyst 
tubes, two 35.7-mm. I.D. catalyst tubes, and one 55-mm I.D. catalyst tube 
were contained in the converters, In all three cases, approximately 1,000 
cm.2 of catalyst was used, Special attention was devoted to obtaining the 
maximum possible velocity of the cooling oil and to eliminating dead spaces 
in the flow of cooling medium. Baffle plates were distributed throughout 
the converter to promote thorough mixing of the cooling medium and thus 
maintain a maximum thermal conductivity to the cooling oil. 


Catalyst 


The catalyst employed had the following composition: 100Co: 12.5 
Cu:2,.5 Th:1.25 U:125 diatomaceous earth. In ag yg a experiments using 
this catalyst,7/ an oil yield of 100 to 110 om,3/m.3 of synthesis gas was 
obtained, The cooling oil was held as near to 205° C. as possible. 
Synthesis gas composed of one part CO to two parts H, was used. The results 
of these tests are summarized in table 2. 


TABLE 2. - Summary of results obtained with inner- 


catalyst converter using hot oil as a 
cooling medium 


(Flow rate of 2H5:1C0 gas = 100 1, /nr.) 


Inside Maximum temperature difference between 


diameter cooling medium and catalyst, °%., Catalyst 

tube, mm, | At start conditions om.3 fm. 
33 . ae 3 — a6 
beri 101 
5D 101 


Synthesis Operation 


After reduction of the catalyst in the 55-mm. I.D, catalyst tube, the 
temperature of the cooling oil was raised to nearly the proposed synthesis 
temperature of 205° C. On initiating a flow of synthesis gas, however, the 


Kyoto Imperial University, Chemical Research Institute Lecture Series 
No. 8, 1938, p. ll. 
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temperature of the catalyst bed suddenly increased until, at 342.5° C., it 
was evident that maintenance of a constant temperature in the catalyst bed 
was impossible with this type of operation, Nevertheless, the synthesis 
was continued by lowering the temperature to which the cooling oil was pre- 
heated, thereby controlling the increase in temperature of the catalyst bed. 
Control was also facilitated as the catalyst became deactivated and evolved 
less and less heat of reaction, but, even after 30 hours of operation, a 
temperature difference of 23° C. was observed, The oil yield was only about 
LO percent of that obtained in the laboratory, and it was concluded that, in 
a converter of these dimensions, the cooling surface was not sufficient to 
remove effectively the heat produced by the synthesis reactions. 


Similar unfavorable results were obtained in the 35./-mm. I.D. catalyst 
tubes, Although, by carefully controlling the preheating temperature of the 
cooling oil, it was possible to continue the operation, the product oil yield 
was inferior, 


On the other hand, the results obtained with the 25-mm,. I.D. catalyst 
tubes were very good. ’ Throughout the operation, approximately 36 hours, the 
catalyst-coolant temperature difference remained within 3° C., and no airri- 
culty was encountered in controlling the tempnerature of the catalyst bed. 
Furthermore, the product oil yield from ac op nuous lé-day period was 
superior to. that obtained in the laboratory.Y/ These results indicate that 
for effective removal of the heat of reaction in the hydrocarbon synthesis, 
@ minimum cooling surface equivalent to that of a 25-mm, I.D. catalyst tube 
is necessary. 


INNER-CATALYST CONVERTER (10 m.3/hr.) USING OIL AS COOLANT 


The equipment used in this set-up was 100 times the capacity of that 
used in the previous experiments. It was constructed and operated for the 
following reasons: 


(a) Up to this time, synthesis gas composed only of pure hydrogen and 
pure carbon monoxide, prepared from formic acid, was used. Progression to 
larger quantities of feed gas required the use of water gas made from coke. 
It therefore became necessary to construct an apparatus to remove undesirable 
feed-gas conan ate such as hydrogen sulfide and organic BUeeaeels 


(b) Although , from the previous orienting experiment, a seciine surface 
equivalent to the 25-mm, i.D. catalyst tube was indicated to be sufficient, 
the short length of the catalyst tube (500 mm.) precluded any definite deci- 
sions. It was observed that, compared to the amount of heat carried off by 
the ee oil through the walls of the catalyst tube, a great amount of heat 
also was carried away through the upper and lower parts of the catalyst tube, 
and this assisted considerably in cooling the catalyst bed. It was necessary, 
therefore, to determine whether a cooling surface equivalent to a 25-m, I.D. 
tube would continue to be sufficient when the catalyst bed length was increased 
beyond 500 mm, 


8/ See footnote 4, 
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WATER-GAS PRODUCER| |WATER ELECTROL EQUIPMENT 


(WATER GAS) ( He ) 


GAS HOLDER GAS HOLDER 
SILOX SULFUR REMOVER BLOWER 


Fe(OH)s SULFUR REMOVER FLOW METER 
FLOW METER 


(SYNTHESIS GAS) 


SEPARATOR (DIESEL OIL) 
COOLERIH ACTIVE CHARCOAL ABSORBERK{SUPER HEATED STEAM 


Figure 5. - Flow diagram (10 am. 3/hr. inner-catalyst converter). 
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Figure 6. - Organic sulfur remover (10 m.°/hr. inner-catalyst converter). 
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Figure 9. = Equipment located on down- 
stream sideof |0 cubic meter per hour 
inner-catalyst converter. 


Sto Figure 10. - Lamont boiler. 
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(c) Finally, in preparing for the eventual design and construction of 
comercial-scale equipment, it was necessary to design and build on @ small 
scale (at least once) such units as the cooler and active charcoal absarber. 
The flow diagram for the synthesis of hydrocarbons in this unit is shown in 
figure 5, 


Description of Equipment 


The construction of the organic sulfur remover is shown in figure 6. 
In this particular experiment the gas was passed through a pipe filled with 
lwanasse and containing 10 percent each of NaOH and Cu(CH)5 and heated ex- 
ternally to 200°-260° C. by gas firing. In industry, organic sulfur is 
usually removed by preheating the gas to 200°.250°%, and passing it over the 
purifying agent. External heating of the purifying agent, itself, is not 
common. Where low mass flows (such as 10 m.3/hr.) are involved, however, the 
heat capacity of the system is so small that preheating cannot be relied upon 
to maintain the desired temperature. However, initial attempte to heat the 
raw gas by simply passing through an externally heated cylindrical container 
filled with the purifying agent were unsuccessful, because the heat conduc- 
tivity of the granular purifying arent was very low, and uniform heating of 
the mass by external firing was extremely difficult, When heating was in- 
creased to raise the temperature of the inner portion of the granular materi- 
als, the outer sections of the granular mass became overheated, and a reaction 
was initiated that ultimately produced methane from CO and Ho. Moreover, 
this reaction, being exothermic, rapidly increased the temperature of the 
solid granules, once started, and created the problem of controlling this 
temperature rise and of cooling the agent to the desired temperature. For 
these reasons, the unit shown in figure 6 was designed to control the temper- 
ature of the purifying agent and maintain it uniform, 


As shown in figures 7 and 8, the construction of the inner-catalyst con- 
verter with a throughput capacity of 10 m.3/hr. is identical in principle to 
that of the wmnit of 100 l. - capacity; i.e., the catalyst is contained in- 
side the tubes, whereas the outside, of the tubes is cooled with oil, This 
converter was constructed with three banks of tubes, consisting of l27 tubes 
of 5/8-inch I.D. (approximately 15 mm); 94 tubes of l-inch I.D. (25 m.); 
and 35 tubes of 1-1/h-inch I.D. (31 mm.),- respectively. The synthesis gas 
was passed through the unit in the directim of increasing tube diameter for 
the following reasons: (1) As the converter becomes larger, the cooling 
surface ratio provided by a 25-mm, I.D. tube arrangement might be insufficient; 
(2) the current synthesis theory2/ indicates a highly exothermic reaction near 
the entrance of the catalyst chamber, so that a large cooling surface at this 
point is desirable; and (3) by filling each bank independently, the effect of 
coOling surface could be studied. Baffle plates were used to increase the. 
path traveled and the velocity of the cooling oil and to minimize dead space. 
Figure 9 is a photograph of the equipment on the downstream side of the 
converter. - 


9/ To be published, 
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Synthesis Operation 


The 10-m. /hr. unit was completed toward the latter part of April 1938. 
Beginning 2, a 12-day run was carried a va which 100.1 of Co catalyst 
was used.l9 The results have been reported.2:/ The maximum temperature 
difference in the apparatus was about 6° C., with an over-all average of less 
than 5°, showing that the cooling surface was sufficient for removal of the 
heat of reaction. As the result of tests in this converter, it was concluded 
that a cooling surface ratio equivalent to that obtained with a 25-mm. I.D. 
tube adequately removed the heat generated by the synthesis of hydrocarbons 
in a converter of this design, 


OUTER-CATALYST CONVERTERS USING OIL AS COOLANT 


From the above experiments it was obvious that a certain ratio of cool- 
ing surface to catalyst volume was necessary for practical operation of an 
inner-catalyst converter in the hydrocarbon synthesis using oil as coolant. 
However, the application of hot water as a coolant for catalyst beds seemed 
preferable to oil, as water was already in use industrially and possessed the 
advantage that as the heat of reaction was removed through vaporization of 
water a constant temperature was more easily maintained, Moreover, this 
utilization of reaction heat to produce steam was an additional econamic 
advantage. As the reaction temperature was greater than 100° C., however, 
it was necessary to use water under pressure, which is undesirable in design 
and construction economics. In order to minimize the amount of pressurized 
construction, therefore, it was desirable to pass the coolant through the 
tubes instead of around them.l2/ As a result, the fundamental problem in the 
design of the outer-catalyst converter was determination of the necessary 
spacing between the cooling tubes. An approximation could be obtained from 
the results of previous experiments, but, as the heat-transfer film coeffi- 
cient of &@ gas varies according to whether the gas is flowing inside or out- 
side of a tube, further experiments were indicated, Although the liquid film 
coefficient of heat transfer for water is much greater than that of oil and 
suggests that a distance between cooling tubes equal to that used in the 
previous converter would be too small, the gas film coefficient is probably 
the controlling factor. In order to obtain some orienting data preparatory 
to the use of water coolant, preliminary experiments were made in the follow- 
ing converters using 011 as the cooling medium. 


Converter With 3-m.3/nr. Throughput | 


Descripti on of Equipment 


To obtain design data on these points, the converter shown in figure 11 
was constructed with a catalyst capacity of 30 liters and a maximum throughput 


10/ Editor's note: Presumably the same type used in the smaller unit. 

Ti/ Kyoto Imperial University, Chemical Research Institute Lecture Series 
No. 9, 1939, v.89. 

l2/ Editor's note: Same as German “outer-catalyst converter." Refer to 
Bureau of Mines Inf. Circ, 7587, The Evaluation of Converters for 
Exothermic and Endothermic Catalytic Reactions Occurring within Narrow 
Temperature Limits, by Gustav Wirth, translated and revised by R. C. 
Grass and H. J. Kandiner, Nov. 1950, 13 pp. 
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Figure 12. - 10 m.3/hr. outer-catalyst converter. 


of 3 m3 for. "The coolant from the manifold was separated into individual 
cooling tubes and, after passing through the reaction zone, was collected in 
a manifold, passed through a heat exchanger, and recirculated. The most — 
difficult problem faced in the construction of this converter was that of 
providing a gas-tight seal at the junction of the coolant tube and reactor 
wall because of the small spacing between the tubes. In order to facilitate 
the welding employed to make this seal, the inlet and outlet lines were made 
interchangeable, and bends were made inside instead of outside of the catalyst 
space. In this converter, cooling tubes 34-mm, 0.D. and 26.7-mm,. I.D. were 
spaced 48 m, vertically and 42 mm. horizontally (center-to-center), providing 
@ coOling surface ratio somewhat less than that contained in the 35.7-m. I.D. 
inner-catalyst converter. It was felt that a smaller cooling surface would 
be required in this design, because the flow of gas across the cooling tubes 
should increase the gas tidm coefficient. 


Synthesis Operation 


Operation of the converter was begun by using oil as a coolant and 30 
liters of cobalt catalyst; the temperature distribution in the catalyst bed 
shown in table 3 was obtained. After 17 hours of operation, the section of 
catalyst at the gas inlet showed a marked increase in temperature, and the 
temperature difference between this section and the cooling oil reached 
36° C, Temperature control of the catalyst bed was very difficult, indica- 
ting that the cooling surface was insufficient in this type of cooling tube 
arrangement. By packing the first half of the catalyst bed with a mixture 
of catalyst and inert material, temperature control of the whole bed was 
possible to a certain extent, 


TABLE 3. - Distribution of temperature in catalyst bed during operation 
of oil-coolee outer-catalyst converter 
(Throughput = 3 m.3/nhr.; 30 liters of cobalt catalyst) 


Operating Temperature Temperature | 
time, oe be Sy cana st aan OC a / ee ah’ Contraction, 
hours percent 


prererer ere 45,6 
i Se rere a 43.3 
CO wea ewes 49.5 
Ts ar 36.8 
oer e rere re 45.7 

eooee7revese 9.0 


a / Locations numbered progressively further. from: ‘converter inlet. 
Converter With 10-m.3 . Throughput 


ix ‘ Pe _ 


Descri ption of Equipment 


To increase the cooling surface :catalyst-volume ratio, another converter 
was constructed, as shown in figure 12, in which the spacing of the cooling 
tubes was smaller. As a large percentage of the heat generated in the 
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3-m.3/hr. converter was lost through the converter walls, the maximum through- 
put of the new converter was increased to 10 m.>/hr. and its capacity to 100 
liters of catalyst. The same size cooling tubes were used spaced (center-to- 
center) at 45-um, vertical intervals and 39-mm. horizontal intervals. Table 4 
shows the temperature distribution existing in a bed containing 95 liters of 

@ cobalt catalyst. A maximum temperature difference of 9° C. was maintained, 
and the temperature was relatively easy to control, This particular cooling 
surface ratio mst therefore have been sufficient, even though it was less 
than that of the inner-catalyst converter. 


TABLE 4, - Distribution of temperature in cata et bed duri operation 
of oil-cooled outer-catalyst converter 


(Throughput = 10 m.3/hr,; 100 liters of cobalt catalyst) 


Temperature Temperature | 
cooling oil, %. | catalyst bed og ,2/ Gas flow | Contraction, 
|__iniet [Outlet | 1 | 2 130 m.3/hr. percent 


OD ie Ges 


33 cccscce 42.3 

Ag ecocaecece 43.7 
LO. eee sacs 43,8 
Ol oes 


a/ Locations numbered progressively further from converter inlet. 


In this particular converter, the rows of cooling tubes were staggered, 
and, in order to increase the heat transfer from gas to tubes, gas flows at 
both right angles and parallel to the staggered rows were tried. No signi- 
ficant differences were observed, however, in the temperature distribution 
in the bed, | 


As the necessary data were obtained from the two converters just 
described, it was not necessary to construct two other converters that had 
already been designed, These converters are shown in figures 13 and 14, in 
which the epscing between the cooling tubes was greater and less, respectively, 
than in the 3-m.5/hr., converter, ‘That is, the vertical centers were 58 mm. 
and 43 mm., respectively, and the horizontal centers were 51 mm. and 37.5 m., 
respectively. 


OUTER-CATALYST CONVERTERS USING WATER AS COOLANT 


From the previous experiments with oil-cooled outer-catalyst converters, 
the minimum allowable spacing between cooling tubes for these conditions was 
determined. As the final objective was the construction of a water-cooled 
converter capable of handling 100 m,3 of gas per hour, a small unit using 
water as a cooling medium was built. 


Converter With 6-m,3/hr, Throughput 


Descri ption of Apparatus 


This unit was similar to that shown in figure 5, except that it was 
designed for a maximum throughput of 6 m,3 for. and that the oil-cooling 
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Figure 14. - Proposed outer-catalyst converter (tube centers 43 mm. x 37.5 mm.). 
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Figure 15. - Hot water circulation apparatus (6 m.?/hr. outer-catalyst converter). 
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Figure 17. - 6 m. o/hr. outer-catalyst converter. 
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Figure 18. - Detail of water-coolant pipe bends. 
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Figure 19. - Hot-water drum, hot water 
circulation pump and 6 cubic meter 
per hour outer-catalyst converter. 


Figure 20. - General view of 100 cubic 
meter per hour pilot plant. 
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system was replaced by the water-cooling system shown in figure 15. This 
system consisted of a water heater, hot-water circulation pump, hot-water 
storage tank, heat exchanger in converter, and a water-supply pump. The 
hot water that serves as a coolant is stored in the hot-water drum after 
the steam has been condensed and the water has cooled in a heat exchanger. 
The hot water in the drum circulates again by being pumped through the con- 
verter, 


It was sanstiene jesivebie to design this apparatus so that it could 
be used with iron catalysts as well as cobalt catalysts. However, although 
a hot-water pressure of 10 or 25 atmospheres was sufficient when covalt 
catelysts were used at a reaction temperature 180° to 220 C., the use of 
iron catalysts at their reaction temperature between 230° and 250° C. would 
require a hot-water vressure: of 27 to 40 atmospheres, It was finally de- 
cided te use the "Lamont" boiler manufactured by the Kewasaki Heavy Equip- 
ment Manufacturing Co.; this company was entrusted theroafter with the cai- 
struction of all s:mthesis equipment. 


Excert for the converter, all the equipment in this experiment was 
constructed so that it ccovld be adapted to the proposed 100-m.3/hr. unit. 
Thus, the heater and other auxiliary equipment connected to the hot-water 
circuit were constructed to withstand a maximum pressure of 50 ka. /om.* and 
@ maximum temperature of 2629 C, The hot-water circulating pump_had a capa- 
city of 26 tons/hr., receiving water at & pressure of 50 ke. /om.* and deliv- 
ering it at 53 kg. /con.® Ficure 16 shows the construction of the hot-water © 
drum, which, having an inside diameter of 780 mm, and a ees of 34 m., 
was constructed by welding. 


The cOnverter, containing tubes 25.6 mm. I.D. and 32 mm. O.D., was 
designed to hold 60 liters of catalyst. Its 168 cooling tubes were designed 
to be spaced, originally, on 42,.5-nm. vertical centers and 36.5-mm, horizon- 
tal centers, but this spacing was decreased slightly in view at the results 
obtained with the 10-m. fhr. oil-cooled ccnverter,. 


One of the aifficultios faced in the construction of this converter was ; 
as in the previous experiment, that of making the junctions of the cooling 
tubes with the reactor well gas-tight, a natural outcome of packing so many 
heavy tubes into such a small space, The construction of the converter is 
shown in figure 17. To eliminate the necessity of constructing so many 
seals, the bends in the cooling tubes were contained inside the catalyst 
space as before, The “bends” in the cooling tubes were not formed by 
actually bending the tubes. . Instead, they were constructed, as shown in 
figure 18, by welding the tubes into cups. As a result, it was impossible 
to maintain the exact spacing near the “bent” sections of the. tubes, and 
the volumes containing these sections of tubing were separated from the 
volume packed with catalyst by partitions. As these partitions were not 
gas-tight, the flow of synthesis gas into the "bent-tube” volumes was inhib- 
ited by filling them with diatomaceous earth. To avoid heat losses through 
the converter walls, the converter was enclosed in an oil bath maintained at 
the reaction temperatures, Figure 10 shows the Lamont boiler; the hot-water 
drum, hot-water circulation pump, and converter are shown in figure 19, 
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Synthesis eration 


Construction of this equipment was completed in September 1939, and a 
continuous 13-day test was made from September 22 to October 3, using cobalt 
as catalyst. The results were good, The operation was essentially trouble- 
free and 99.3 liters of synthesis oil were produced from 1309,1 m.~ of gas, 
After reducing the catalyst and establishing the desired synthesis conditions, 
an average gas contraction of 54.1 percent and an oil yield of 83 cm,3/n.3 of 
synthesis gas were obtained, Computed on eho basis of effective gas in the 
raw synthesis gas, an oil yield, of jot cm,~/m,3 was obtained, This is com- 
parable to the value of 111 cm, 3 /m 3 obtained in the laboratory, The temper- 
atures of the various sections of the converter during the synthesis are shown 
in table 5, The maximum temperature difference in the catalyst bed was 5° C., 
indicating that the reaction heat was removed efficiently and that the cooling 
surface was adequate. The fact that the temperature of this catalyst bed was 
more uniform than that in the 10-m,3 /hr. ~Oil-cooled outer catalyst converter 
is no doubt, due to the higher thermal conductivity of water compared to oil, 
as well as to the larger cooling-surface :catalyst-volume ratio, 


TABLE 5. - Distribution of temperature in 6 m,3/hr, water-cooled 
outer-cata lyst converter, 


Water | 

Operating temperature, Temperature of | Water Gas |Contrac - 

time, a catalyst bed, %, pressure, tion 

hours Out ‘Upper|Lower| Side |Side |Middle| ke. /cm,* 3 
BD “ese bce lee 206 mek 9 |205.5 51|206 {205, 2 | 205 | 162 ve? Tse 
32.00... 1207.5/207.5 208 °}210 1210 |209 | 208 | 17.0 5.5 4B 5 
iin yi2le $212 | 218 |218 213 6,1 D9 .2 
Bo ....../210 |210 213 |o12 |215, 51215 | 213 5.3 62.3 
104 ,..../210 |210 {212 bee 216 1216 | 212 5.8 54.7 
128 .o006/220,51210 12-4a12 [215 215 | 212 5.5 59.1 
152 .....(210 |210 je12 j212 |21k.5,21h, 5 213 6,1 51.4 
Gove 7210 feo. yal lex 214 j214 | 212 DT 49.6 
200° 6404.4210(5/210 f212 j2l2 (215 ere | 213 6,0 45.6 
a ae jex2 ek. 214,5! 212 45 48.1 
ous 21h 1216 |216 | 21h 4 2 


Converter With 100-m.3/nr, Throughput 


In the preceding experiment, the necessary relationship between cooling- 
tube spacing and catalyst volume was determined when using water as the coolant. 
With this information, the design and costruction of a 100-m, 3/pr, water-cooled 
outer-catalyst converter was approached, It was expected that, because the 
6-m,3/nr. water-cooled converter contained a relatively large ratio of surface 
area of the reactor wal]. to volume of catalyst, when a much larger unit was 
operated in which this ratio was smaller, more internal cooling would be 
necessary to maintain a uniform catalyst-bed temperature, because the heat 
lost through the egy walls by conduction would be proportionately less, 
Tests with the 100-m.3/nr, converter, however, showed that in this unit such 
was not the case, 
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Figure 22. - 100 m.3/hr. outer-catalyst converter (as constructed). 
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Figure 23. - Flow diagram of pilot-plant process. 
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Figure 24. - Gas-meter assembly; (left to right) Ho, water 
gas, synthesis gas, exit gas, gasol. 


Figure 25. - Wet-type gas 
desul furizer: left, wash- 
ing tower; right, tower 
for reactivating desul- 
furizing solution. 


THE OHIO STATE UNIVER 


Description of Equipment 


Figure 21 shows the original design for the 100-m.3 /nr. converter. 
When construction was begun, however, a few changes were made, and figure 22 
shows a section of the converter as it was actually gonstructed. The prin- 
ciple of this design is the same as that of the 6-m.3/hr. converter just 
described, The tube spacing in the 100-m.3/nr. unit, however, was somewhat 
greater; 1,224 cooling tubes, having an inside diameter of 25. 6 mm, and an 
outside diameter of 32 mm., were distributed on 42. 5-mm, vertical centers 
and 36.8-mm, horizontal centers. 


Figure 20 shows a general view of the sit eyetieeis pilot meee. The 
flow sheet for this pilot plant is shown in Pigure 23. The product gases 
emerging from the reactor were stripped of paraffin; after water cooling, 
the condensed Diesel oil was separated, and the light-oil fraction was 
edsorbed on activated charcoal, The tail gas was then released to the 
atmosphere, The light-oil fraction was stripped from the charcoal adsorb- 
ers with superheated steam, and the gaseous product was cooled with water 
to yield a condensate’ (gasoline) and noncondensable hydrocarbons (C3+0},) 
called "gasol." All equipment used in recovering the product gases’ fran 
the reactor was designed and cammstructed especially for this unit. The 
collection of meters Por measuring the flows of the various gas streams is 
shown in figure eh. 


“Expe rimental Procedure; Cobalt Catalyst 
Synthesis Gas Preparation , 


' Production of components, CO and He. - The use of cobalt catalysts re- 
quires 4 synthegis gas with an Ho:CO ratio of 2: 1, and a gas of this’ compo- 
sition can be prepared by mixing the proper proportions of water gas and 
6électrolytic hydrogen. A water~-gas supply of 400 to 500 mn. /hr. was avail- 
able from the Osaha Gas Co., which used a low-sulfur coke to produce a water 
gas similar to the fuel gas supplied to the Kyoto University from the Kyo-Dar 
plant, Electrolytic hydrogen was pr cya in a Simmons-type electrolytic 
cell with a maximum capacity of 23 m. . 


Operation of the’ water-gas producer at high temperatures was disadvan- 
tageous: for two reasons. First, it favored the formation of troublesome 
coke “clinkers," and, second, the Hn:CO ratio of the resulting gas required 
the addition of electrolytic "hydrogen (to mset the required synthesis gas © 
throughput of 100 m.3/nr.)' beyond the capacity of the available unit. From 
these considerations it was decided to produce a water gas containing about 
35 percent CO. The gas producers were operated from 9 to 11 a.m. and. from 
8 to 10 p.m. to yield about 900 m,3 of gas during each 2 hour run; this gas 
_was scrubbed with water and.stored in a gasholder. The composition of water 
gas thus obtained is shown in table 6; the gas analyses wore carried out in 
a modified Orsat apparatus, and the sulfur content was determined by burning 
@ sample of the gas, passing the combustion products into sodium carbonate 
solution, and titrating the remaining sodium carbonate with hydrochloric acid 
(ASTM method), The. hydrozen obtained from the electrolytic cell was washed 
with water and stored in a gasholder. This hydrogen was about 99.9 percent 
pure; tho impurity was assumed te by oxygen. 
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TABLE 6. - Composition of water gas 


Ges composition, volume percent — 


sulfur, 
Date, gm. / 100 mn, 
month /day Time Q>| CO | Ho {CH} No|Total|Organic - 
1/19 secs - | 9.8/0.2] 33.0 48,2|1.7| 7.21 16.5 
20,ceee| 9 Aom-l1l a.m. - 110.2| .0) 34.2 147.3 /2.51 5.8 11.9 
2O0.cecee! 7 pem.-10 p.m. 9-12 7.8! 231 36.5 47.7, 1.4) 6.3 15.1 
Ql.esee| 9 &.m.-ll a.m, 23-25 8.0! .1/ 36.8 |46.8/1.5) 6.8 14.9 
21...6-| & p.m.-10 p.m. 34-36 7.2} 61137.7 |48.0) .5) 6.5 15.4 
OO eee e | 9 A.Mo-ll a.m. 47-19 8.0] .2136.2146.0/2.1)/7.5] 12.7} 10.4 
CO eeee | 8 pom.-10 p.m. 58-60 8.5} .2/36.9/46.81/1.4) 6.2; 14.5] 14.0 
Ozeccee| 9 Am.-ll a.m. 71-73 9.2] 01/34.7 [46.4/2.0) 7.6; 11.0] 10.8 
O3eceee| & p.m.-10 p.m. 82-84, 9.71 03/35.0/47. 411.41 6.2) 13.1) 114 
Oh eece| 9 &eM.-1l a.m. 95-97 8.7; 02135.0j48.2/1.41 6.5) 14.2] 11.9 
2h.eeee| & p.m.-10 p.om.| 106-108 8.6) .2137.8 j44.8/1.1) 7.5) 11.3] 10.4 
25 cece (lO &.m.- noon 120-122 9.5] 0134.5 /47.6}1.1] 7.3] 15.7) 11.0 
25eeeee| 8 pem.-10 p.m.}| 130-132 8.9] 1) 34.6 )47.7/2-1] 6.6). 17.9| 12.7 
26eeeee| 9 a.men1l asm} 143-145 | 9.4] .1/34.8146.9)2.0) 6.8) 12,1] 10.1 
26.cec0ee} & peme-lO peme| 154-156 8.8! .2) 35.4 |48.0)1.8] 5.8} 10.1] 10.0 
OT acoee| 9 &.me-ll a.m.| 167-169 8.8] .2135.0)47.5)1.1) 7.4) 12.1] 11.0 
OTeeoe-| 8 pom.-10 pem.| 178-180 9.0; .2/34.9 }47.5|1.8] 6.64 12.9! 12.6 
28..e00] 9 aome-ll a.m.| 191-193 9.6| .2/34.4146.9/1.1)7.8} 12.9) 11.4 
28.c0ece| & pem.-10 pom.| 202-204 8.9) 2/354 147 4/141 6.7; 10.2} 10.1 
29.ecee| 9 A.Me-ll awm.| 215-217 9.5} .2135.1(46.3/1.9) 7.0) 11.6] 11.2 
CQ accee 8 &.M.-10 a.m} - 226-228 9.0 ac 34.4 46.9 1,8 6.9 13%] 136k: 
30.ec0e6.| 9 am-1l awm.| 239-2h1 9.4) .2135.8 |46,411.6] 6.6] 11.7] 10.0 
30.eeee| 8 p.om.-10 pom.| 250-252 §=| 9.5] .2)34.9/46.5/1.8) 7.1} 10.4] 9.4 
Zl.eeee | 9 Aom.-1l a.m.| 263-265 9.2) .2/35.6/46.3/1.6) 7.1) 12.0] 10.7 
31...6-| 8 p.m.-10 p.m} 274-276 9.0} .2/34.9)47.71/1.5| 6.7) 10.1] 9.8 
Oi liieees 9 aeme-Ll a.m. 287 -289 8.8 el: 35.9 46.3 1.6 T<3 11.9 10.4 
lieeeee| 8 Dem-10 pom.| 298-300 | 8.8] .1/35.4147.611.5)6.6' 12.7] 12.1 
Coocvecce | 9 &oMe-Ll am.| 311-313 9.2] .2/34.7 147.9/1.41 6.6} 13,4] 11.7 
ecooeee | O Peme-10 pom.| 322-324 9.3] .2/35.1/46.4/1.8/7.2| 12.1] 10.9 
Zeeccee | 9 O.m.-ll a.m, - 8.5] «2135.3 |46.8/1.1)8.1) 22.8) 8.2 


Purification and formulation of synthesis . - The water gas from the 
gasholder was first scrubbed to remove Eyarosen sulfide in a “wet" process and 
was then passed through a dry desulfurization chamber containing iron hydroxide 
and sawdust. Figure 25 shows the wet-type gas desulfurizer with the washing 
tower on the left and the tower for reactivating the desulfurizing solution _ 
on the right. To this purified water gas was then added enough electrolytic 
hydrogen to yield 100 cubic meters of synthesis gas per hour cotaining about 
84.5 percent of carbon monoxide and hydrogen in a ratio of 1 to 2. This gas 
mixture was then forced, by means of a blower, through an oven designed to 
remove organic sulfur fran 100 cubic meters of gas per hour (fig. 26). As 
shown in figure 27, city (fuel) gas was burned in a furnace, and the hot cam- 
bustion gases were blown over the oven. Inside this oven, the organic sulfur 
in the synthesis gas was "fixed" by about 800 liters of tablets camposed of 
20 percent copper, 3 percent caustic soda, and 77 percent diatomaceous earth, 
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Figure 26. - Apparatus for removing organic sulfur. 
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Figure 27. - Diagram of sul fur-removal system. 
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Figure 28. - Temperature distri bu- 
tion in sulfur-removal furnace. 
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' which supplanted the original iron compound (lwxamasse-copper hydroxide -alkali) 
used for this purpose. The compound in use possessed the advantage that, un- * 
like the iron compound, it did not promote side-reactions at high temperatures, 
resulting in the decamposition of carbon monoxide and the production of methane. 
By adjusting the blower and the baffle system, a stable temperature distribu- 
tion of 200° to 220° C, was finally established throughout the mass of sulfur- 
fixing pellets; this temperature distribution is shown in figure 28, The 
temperatures existing at points 1 to 5 (fig. 28). and the inlet and outlet 
temperatures of the combustion products are listed in table 7 along with the 
sulfur contents of the emerging synthesis gas; a gradual increase in the 

latter can be observed, The small amount of sulfur present in the emerging 
synthesis gas was determined by converting it to barium sulfate. 


TABLE 7. - Removal of organic sulfur from synthesis gas 


Sulfur 

Temperature distribution — content of 

in oven, “C, emerging 

synthesis 
Date , Zag 

month /da Time om, /100 m,3 
T/l19.ee0e0| 1 a.m.-4} a.m. < 0.07 
CO. cece A a,m.-5 &.M. ¢ .O7 
21. see |Midnight-4 a.m. 09 
Coseeee| 1 A.m.-5 A.M, oalien 
Crcacecs 1 &.m,-5 a,m. ~O7 
Mees e a.m.-6 a.m. oa 
oeevee il p.m.-10 &.m. O09 
26, éved 10 p.m.-6 a.m. my 
OT eeeese {ll p.m.-6 a.m, 16 
OB ese. 10 pem.-5 &.me. ~2O 
290d bé 10 pem.-6 a.Ms. 20 

30.062. /10 p.m.-7 a.m, rt 

Za sive ob 10 p.m.-6 &,M. 30 
BiDS). sé 10 p.m.-9o 4,M, 034 
Zeeeves (Midnight-6 a.m, | 326-332 25 


Catalyst 


diatomaceous earth), 960 liters of which was used in experiment 1 
determined by testing in an electrically heated reactor with 2Hp:1C0 gas. 
The testing conditions and the analyses of the product are listed in table 8. 


The activity of the. pelleted catalyst a ae a 
wa 
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| TABLE 8. - Catalyst activity 
(Catalyst pensuwieien 7 100¢0 ;100u:5ThO, :2.5U30g:125 diatomaceous ae 


meee at aca 


Conver ter 
temperature ,| Operating |operation, 
OF periods 


soe —— otal 
oil ! line oils 


flow, Contraction, 


1. far. 


200. 64:36:40 0 
COO Ss earieacows 
COO 6:64. 6e see 
C00 ce occcsons ‘ 
ClO, ccvccvee 
C10. caccccce 
CLO y ea:6eeee 
ClO pb sees 
CLOG sie see ews 
PIO sa eee sees 
. ClO ieee ewe 
Ola eeccccces 
. Cle ccccccee 3 
215 ce ccccccee 


Syn thesis Operation . 


At 8:00 a.m. on July:17, the production and purification of synthesis gas 
was begun. At 2:00 a.m. on July 18, when the organic sulfur content. was less 
than 0,07 em, /'100 m. of synthesis gas, the Lamont boiler was placed in oper- 
ation to supply heat to the reaction furnace, and synthesis gas was. directed 
through the furnace at a yelocity of 100 mn. 3 or. The temperature of. the cata- 
lyst charge was raised slowly wtil, at 10:00 a.m. On July. 19, an apparent 
contraction of 14.8 perceht was obtained at 195° C,; 12 how's later an appar- 
ent contraction of 21.5 percent was obtained at 200° C., and, after a subse- 
quent 12-hour period, 46.2 percent was obtained at 201° ¢, This point (10:00 

a.m., July 20) was considered as zero time in computing the operating life of 
the experiment; 202 1, of water, 5 1. of Diesel oil, 33 1. of gasoline, 17 m.3 
of gaseous hydrocarbons, and no paraffin having been produced up to- this time, 
the reduction of the catalyst was now considered complete. 
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From this point on, during the operating life of the experiment, the con- 
verter temperature and the gas flow rate were measured every hour; samples of 
the synthesis gas and the gaseous hydrocarbon products were taken for analysis 
every 2 hours, The instrument panel is shown in figure 29. The activated 
carbon-adsorption chambers were alternated every 24 hours, and, the adsorbed 
products were recovered, At this time the total production was determined; 
paraffins, Diesel oil, and gasoline were stored in tanks, and gasol was 
stored in a gasholdoer. 
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Figure 30. - Water-cooled reactors: foreground, 6 cubic meter 
per hour unit; background, 100 cubic meter per hour 
unit. 
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Figure 31. - Heat exchangers: left, 
Diesel-oil cooler; right, gasoline 
cooler. 


Figure 32. - Foreground, Diesel-oi| 
separators; background, activated- 


carbon tower for adsorbing light 
oil. 
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‘Discussion of Results 


The highest yields in.experiment 17 were obtained during ‘the first: 43 
to 72 hours, when the fonpene eure of the steam entering the heating jacket 
of the converter was 201° to 2029 C,; a maximum yield of 302 L of" wator and 
192 leof primary liquid product (oil) was obtained. During the first ok 
hours of Operation, an apparent contraction of 53.2 percent was observed with 
the production per cubic meter of synthesis gas of 160 ml, of water, 103 ml. 
of oi1, and 10 1.0f gasol;, correction for the inerts content of the ’ synthesis 
gas gives an actual contraction of 66.5 percent and corresponding product 
values of 180 ml. of water, 120 ml), of oil, and 12 1, of gasol per cubic 
moter of pure 2Ho:1C00 gas,. The activity of the pilot-plant catalyst, there- 
Pore, was comparable to the activities found in small, bench-scale teste. 
To compensate for a gradual loss in catalyst activity, the operating temper- 
ature was gradually increased from 200° to 215° C,; after continuous oyera- 
tion for 336 hours, experiment 17 was terminated, Photographs of the reactor 
and auxiliary equipment are shown in figure 30, 31,and 32. 


The results of experiment 17 are listed in table 9. For an average | 
apparent contraction of 56.2 percent, a total production of 4,488 1, of water, 
253 lof paraffin hydrocarbons, 538 1, of Diesel oil, and 1,472 1. of gasoline 
(2, 283 1, total oil) were obtained from 26,729 m,3 Of synthesis gas. Calcu- 
lations showed that the actual synthesis gas velocity during the experiment 
averaged only 79.6 m3 /nr.: instead of the 100 n.3/hr, indicated by. the gas- 
meter, The difference may. be attributed to meter calibration, temperature, 
and presdure corrections, and to a slight gas leak at the cxit of the blower. 
Incorporating this correction into previous calculations produced tthe follow- 
ing average results per cubic moter of synthesis gas: 
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Synthesis gas inlet 

Outlet for product gas and unreacted synthesis gas 
Cooling water distributor 

Cooling tubes 

Hot water collector 

Heating jacket 

Outlet from heating jacket 

Inlet to heating jacket 

Thermocouple tubes 

10 Cooling tube return bends 


Points 1,2,3,4,5,6,7and8 designate points of temperature 
measurement. 
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Figure 33. - Thermocouple locations in 100 m.3/hre converter. 
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Synthesis gas containing 15.5 percent inert gases: 168 ml. 
water, 86 ml, ofl, 7 1. gasol. 


Inert-free synthesise gas: 199 ml. water, 102 ml. oil, 81. 
gasol, 


The heating schedule for the catalyst bed is shown in table 10, and 


simmltaneous temperatures at different points in the heating jacket are 
listed in table 11 (the location of these points is shown in figure 33). 
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TABLE ll. = Tempera ture distribution in converter 


Cle 


Distance tre center, Points of temperature measuremeni© 
1 


Dacha ti eraeie we eial ere Sew eee ee 
Le ere nr rere a eee ree reer 
CUS Sega else aie 666 a  wiets whale eres 
5 eae Tee*b: ouae wate 0 were Wiele beatae 
Oi saidiee see aces eres oS waa sacs 


0 
JMVFBoOSKeRBF ECC CSG OH 2884688 Se 


af Temperatures measured at points moving progressively from center toward 
cooling coil bonds (see fig. 1). 


b/ Distribution of thermocouple locations shown in figure 1. 


The analyses of samples of the gascous mixture leaving the converter 
are listed in tables le and 13 and indicate that the extent of side reactions 
has been small, Comparison of these results with those of small, bench-scale 
experiments (table 14) indicates that more satisfactory yields are obtained 
ina large-scale operation. These results suggest that commercial synthesis 


of gasoline and hydrocarbon oils from carbon mmoxide and hydrogen will be 
successful, 
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roduct gas analyses. 


Table 12.— Synthesis- and 
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a/ Material obtained upon treatment with concentrated HoSO,. 
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Table 13.— Change in gas composition with synthesis reaction. 
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The following properties of the paraffin hydrocarbons, Diesel oil, and 
gasoline were determined: specific gravity, refractive index, lodine number, 
distillation curve, and acidity. The acidity of the water fraction also was 
determined. These results are presented in table 15. 


Experimental Procedure; Iron Catalyst 


synthesis Gas Preparation 


Production of components, CO and Ho. - A synthesis gas similar in com- 
psition to that used in experiment 17, employing a cobalt catalyst, was used 
inthis test. A composition of approximately ¢H5:1C0 was maintained; thus, 
its production was very similar to that previously described, A large per- 
centage of ueeful gas (CO and Ho) was cbtained by preparing a water-gas of 
approximately 37 percent CO (table 16), The hydrogen sulfide was removed, 
and electrolytic hydrogen was added to produce a Ho:C0 ratio of about 1.9:1 
at a production level of 100 cubic meters ner hour, Using this procedure, 
the average amount of useful zas in the synthesis gas was 87.2 percent, 


Organic sulfur was removed from the mixed gas by passing the gas at 215° 
to 2309 C, over a fixing avzent consisting of 500 liters of copper hydroxide, 
diatomaceous earth, and caustic soda (20 percent copper and 3 percent caustic 
soda), which had been saved from experiment 17, and then passing it over 500 
liters of luxmasse (10 percent copper hydroxide and 10 percent sodium carbon- 
ate), The results obtained by this purification treatment are listed in 
table 17 and show that throughout the whole test the sulfur content of the 
purified synthesis gas was less than 0.2 em./100 m.3, The equipment, pro- 
cedures, and results pertaining tc the manufacture and purification of the 


synthesis gas used in this experiment are very similar to these described 
experiment 17. 
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Table 16.- Composition of water-gas. 


Sulfur Sonregt, 
m./1OO 


Gas composition, volume-percent 


sinoe 


start of ru 


Period over 
which sample was 


taken, hr. 


Or iret 
eo e e e 
ANN rw 
Net Nel 


36.3 


se-t0 
BB 
132-368 
120-122 
129-132 
144-147 
153-155 
191-194 
201-203 
ae e2] 
263~266 
273-276 
a | 
35-37 
4.386 
393-595 
usa-4ho 
ety 
g10-b12 
BE eBe 


hog_k 


TABLE 17. - Removal of organic sulfur from synthesis gas 


Period over which gas 


| Temperature of 


emperature of |Total sulfur content 


T 
purifier bed, 
°C. 


. sample wae taken, synthesis gas, ©, of purified gas, 
hour since start of run| Entrance !Fxit gm, /100 m.3 
26~ Ue Batavia ee ners aaa 210-230 0.09 
DO DO salnw bia wah wamesies 210-230 .09 
Tis Ce vesgues enesewees 210-230 213 
O84) 06 s'iahie'ee eu nes esee 210-230 «09 
BOS 913 Op eran aressicewelew were 210-230 08 
TY oais5icd'sed wuidars e's 210-230 .10 
DORIC sed eats acceeiewe 210-230 OT 
TON 6202. sa55 waiesbedisiokee 210-230 etl 
21022? ane eheee es eueus 210-230 ell 
2he. 250s yeceesesccecces 210-230 .10 
270-2738). ve cececcccece 210-230 "10 
290- CFC (66254 Soba e ees 210-230 «O7 
BIN 3 elie assuweseweseves 210-230 ig 
339- CaN Ore aeitelen Somlocee 210+230 el9 
362- SOO ies weswe uses eens 210-230 s25 
386-394, CORCCCECCOT ECE 215-230 eLO 
416-4o58 COSC LOL ESCCE®S 215-230 209 
UZ 0-HL8, sevccncccccccee 215-230 ell 
HO DaN (3s eves ceeeoneees 215-230 OT 
UOZetDD o esieersseweee oder 215-230 209 
503 -F20. wccccccvccccese 215-230 e290 
DO (=S4N ksubeceneeeeoees 215-230 elt 
DD 1=> C0 sek cuneweweewates 215-230 oi3 
Dio Oo Leeeaeewsesaesses 215-230 elk 
59061 | se0seoueweeeenes 215-230 Pol i i 
S0N=611.s0sseeeece canes 215-230 213 


a/ Only one value taken; other results are averages of two values, 


Catalyst 


A mixture of two catalysts of different copper contents was used. These 
catalysts were made in 35-liter batches, and the batch activities were deter- 
mined, These batches were blended to form catalyst of average activity, and 
this mixture was placed in the converter for the test. The determination of 
the activity of this mixed catalyst is shown in table 18, 


TABLE 18, - Determination of catalyst activity 


(Catalyst composition = 350 1, of 100Fe:25Cu:2Mn: 


20H,B03:4K,C0,:125 kieselguhr + 620 1. of 10GFe: 
22 .5Cu:2Mn :2 cee :4KoC03:125 kieselguhr; reactor 
temperature = 20° ¢,; syathoste gas = 2H5:100) 


eae Liquid hydrocarbon products, 
ou — Contraction, cc. fm. 3 
nod percent Total 


oe 704 
Perr eT ee 83.7 
Zecccescca o 89.4 

@seeeenees lL 03,0 
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Figure 34. - Operating data for experiment No. 18. 
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Figure 35. - Yield data for experiment No. /8. 


Google 


‘ ‘ 


Synthesis Operation. 


A reaction temperature of 250° C. was anticipated to be the best for 
iran catalysts, but, by increasing the hydrogen content of the synthesis 
gas, it was possible to lower the reaction temperature to 235°C., the 
temperature generally employed in this experiment, A decrease of catalyst 
activity also was expected with time, and a compensating increase in re- 
action temperature was therefore anticipated; however, actual operation at 
these experimental conditions resulted in very little decrease in activity, 
and it was possible to maintain a constant reaction temperature. To observe 
the effect of increased temperature, however, 238°C. was maintained for the 
last 3 days of the test. | . S 

Carbon dioxide is formed when iron catalysts are used in the synthesis, 
and the use of a synthesis gas of the same composition as the usage ratio 
(0.5H,:1C0) results in a very short catalyst life. Using @ lerge excess of 
hydrogen, however, although it decreases the reaction temperature and in- 
creases the catalyst life, is uneconomical. A compromise of these points 
was found in a synthesis gas ratio of 2H, :1C0 at @ throughput. of 100 m.3 for. 
(uncorrected for temperature and pressure), which corresponded to a‘gas 
space velocity of 100 (catalyst volume = 970 1.). | oo: 

Plant operation was begun on October 7. After the temperature of the 
organic-sulfur remover reached the Operating point, synthesis gas was passed 
inte the converter, and the converter temperature was gradually increased, 
By October &, the hot water temperature had reached 235° C., ‘and 22-percent 
contraction was achicved, indicating that the reduction of the catalyst had 
been completed. On the 9th of October, starting at 10 o'clock, data were 
recorded every 24 hours wntil 3 o'clock, October 25, when a welded section 
of a cooling pipe in the converter developed a leak, allowing the hot water 
to leak into the synthesis thamber and interrupted the run. Repairs were 
completed the morning of October 27, and the test was resumed; by 1 o'clock 
on October 28, normal operating conditions were regained. The test continued 
in a normal manner at a constant temperature of 235° C. with no significant 
decrease in catalyst activity, During ‘the last 3 days of the experiment, the 
operating temperature was increased to 238° C, to observe any effect on syn- 
thesis operations, The results of this experiment are given in table 19 and 
figuros 34 and 35. ‘The variation in temperature throughout the catalyst bed 
is shown in table 20, and the change in gas composition as a result of the 
Bynthesis reaction is given in'table 21, As a reference, the results ob- 
tained from a small-scale oxperiment (flow rate = 41, for.) using the same 
Synthesis gas composition are given in table 22, In all casos, operating 
imo was computed from October 9, and October 25, 26, and 27 were not fig- 
wed in the total life of the test. Tho characteristics of the product oil 
are presented in table 23. : e « 
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ct gas) x (100 - gas contractions). 


; obtained upon treataent with conc. 


gh-solecular-weight hydrocarbons 
Calculated by (volume percent of produ 
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TABLE C2 e as 
Tempera- 

Time, ture, © | Flow: 

days of 1. for 
L Sew ee whe 235 92.5 
Cesieuneon 235 92.4 
Rese ewaees 235 96.5 

e@eoeoee eee 235 90.9 
Oia de we wes 235 95.0 

eoseecvece 235 | 96.2 
Tocvsvceve 235 90,0 

eeeeewwes 235 96.8 
Serer rr 235 93.0 
LO es axacaue ob « 235 ‘Ol.1 
Lhesesovece| 235 -- | 87.6 
Le eseaceas 235 -91.3 
13 os sole stews 235 94.6 
Weesescece | 235 95 «4 
Lpevevece eo} 235 89.7 
LO nsadcos ad 235 92.5 
lL issedeees 235 o4 1 
1 eeeercgeee 235 93.2 
LO i scesiciebcee 235 92.1 
CU Mises wees 235 : 90.4 
Ch Ee re 235 90.6 
Co essedecee 235 87 67 
os ee 238 90.0 
2 eceoroeeesee 238 89.8 
Cjeccsceecee | 238 92 8 


Sa 


Small-scale test under com 


tion, . 


32.9 | 2.3 25, 
34.8 {2.4 26 
33.8 {2.6 eT 
35.0 | 2.3 26 
32.9 {2.4 ? 
34.3 | 2.4 25 
35.2 {2.4 27 
35.8 |2,5 26 
36.4 {1.11 12 
35.9 |1.2} 13 
33.7 | 1.5 17 
34.4 |1.0 11 
35.8 |1.2 13 
34.1 | 2.0 21 
33.4 | 1.0 11 
31.5 | 9 10 
31.6 2.3 au 
32.7 |2.2 ey 
31:9 12.4 26 
32.9 |2.3]:° 26 
3125 || Led 12 
38.0 {1.1} 13 
33.0 !1,2 13 
32.5 |1.2} 1 
31.9. i eye 12 


a / Per cubic meter of synthesis gas. 


percent: | cc.| cc. An. 


ble conditions 


Liquid products 


Total oil 

oil, 

CCe CCOe cc. fm. 
| 2.6 | 4,116.71 73 
| 3.0 361-1001). | 73 
2.8 | 4.3/7.1 7h 
1o.3 | 4b 16.7] 7h 
2h 14,016.41 67 
OAT (| 360-1625 68 
| 2.4 3.6 |6.0 67 
| 2,5 3.5 | 6.0 62 
| 2.9 3.7 | 6.6 71 
| 2.4 3.8 | 6.2 67 
| 1.9 3.8 15.7 65 
| 2.2 3.9 |6.1 67 
| 2.2 3.6 15.8| 61 
2.6 4.2 16,8 71 
| 263 h1{6.b| 72 
2.2 367 [5-9 64, 
12.0 | 3.8/5.8] é2 
| 1.9 304 15.3 57 
2.0 Zoek 15.4 59 
1.7 | 307 [504 60 
2.0 309 (59 65 
1.9 | 307 |5.6; 64 
1.5 3.8 15.3 59 
1.9 3.7 5.6 62 
1.4 4.2 15.6 60 


TABLE 23. - Characterization of products 
A. Physical characteristics of product oil 


| Specific | Refractive 


gravity index Total 
seo | “20” Iodine | acid 
Component mn ™ number number 
Gasoline, .cccccccccses | 0.6896 1.3980 167 - 
Diesel OM eé-eecerwewes 07526 1.4270 60 - 
Total Ollsessesceacse| «1302 1.4178 138 0.10 
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B. . Distillatio of. product oil 


Distillation ran °C. 

Component beep. 10% % | 80% 4 | point] 150°C. | 200°C.} 220%, 
Gasoline eee. 0.0 | 58.0] 92.8) 124.5] 172.0) 206.0 90.0 97 «2 = 
Diesel oil... 192.0 | 154.0} 205.0] 2he .5] 282.0) : - 7 6 "h6.o | 63.4 

otal oil... 9.5. | 68.1] 156.0] 278.5] - - 47.2 61.9 | ° 66.9 


C. Analysis of paso 


PES De ncn 


te caescll Ta 
1 oeee scenes ack — ts 5 5 0 ; 3 oe 
16 ieveeseaeuasene sc ‘eae a ag ae 21.0] 57 15.3. 1.2 
1G 4 aentoeate aig aise | 308d beO | e<0 el | 26.2] Cl. 1.6 


a/ Determined by adsorption with silver permanganate. 

b/ Determined by use of 88 percent H,S0),. 

c/ Determined by adding 102-percent HoSOy, ‘to 0.5-percent AgoS0y, . 
a/ Determined by bomb method. 


Discussion of Results 


A study of the. product yield data reveals that a mximum oil “production 
(189 1./day; 83 cm. /m.2) was reached on the second day. The daily average 
yield of oil then decreased slowly. Raising the reaction temperature to 
238° C. during the last 3 days produced no significant increase in ofl yield. 
These results indicate that a constant operating temperature may be maintained 
for at least a month when iron catalysts are used yumder these conditions in 
the hydrocarbon synthesis. No conclusions my be drawn conceming catalyst 
life, specific loss of activity, or effect of operating temperature without 
additional data and longer tests. Because it is known, however, that iron 
catalysts may be used effectively at temperatures up to 260° C., it my be 
predicted that, by slowly increasing the operating temperature as needed, 
a catalyst life long enough to satisfy economic Te QuePenelNe on & commercial 
scale may be obtained. , 


In order to increase the catalyst life, a synthesis gas containing about 
2Hps1cO was used. Accordingly, about 57 percent H, remined in the product 
gas, whereas about 90 percent of the CO was consumed, leaving only 2 to 6 
percent of CO in the product gas. No sigificant increase in oil praduction 
may be obtained, therefore, until a synthesis gas richer in CO is used. The 
usage ratio obtained in this experiment was 0.5H,:1CQ (sec table 21). 


Figure 23 shows that although the CO, content of the synthesis gas is 
small it varies inversely with the yield of oil subsequently obtained. This 


suggests the advisability of removing CO, from the synthesis gas before it 
passes through the reactor. 
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Figure 36. - Co and Fe catalysts: experimental results. 
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When the production of oil is calculated on the basis of the useful gas 
(the sum of CO + H5) in the synthesis gas mixture (excluding CO,, CH), and 
No), @ value of 94.5 cm.3/m.3 of useful gas is obtained, which compares 
favorably with. those results obtained in a laboratory-scale activity test. 
The average oil production for the entire test is 75 gm? fi,” of inlet gas; 
on the basis of useful gas, this value becomes 86 om.3 fm, - On the basis 
of a cubic meter of CO + Hp consumed, the oil production is 180 cc. /m.3; 
this compares favorably with the corresponding value (139 om,3 /m.3) 
obtained for cobalt catalysts. Se 


Table 23 shows that 67 percent of the total oil produced distills up 
to 220°C,; 78 percent of the total oil was obtained as a distillate up to 
270°C. It is interesting to note the high degree of unsaturation; that is, 
the iodine number of the total oil is 138, and that of the light oil stripped 
from the active carbon adsorbers was 167. Figure 35 indicates a tendency 
toward lower-molecular-weight products as the synthesis progresses, Compar- 
ison of the synthesis oil formed by cobalt catalyst to that formed by iron 
catalyst shows that the latter has a larger unsaturates content and larger 
fraction of high-boiling constituents. 


Comparison of the results of the two-week test (July 1940) with cobalt 


catalyst with those obtained from iron catalysts is given in table 24 and 
plotted in figure 36, | | 


TABLE 24, - Comparison of results obtained dur ing synthesis 
| with cobalt and with iron catalysts 


Cobalt tron 


Overating time, GAYS seccccccceseseccscscceseseses 1 25 
Initial temperature oe Shee Sreheesue.6 er b Wiens eee 202 235 
Final temperature , C. ee ee ee ell 238 


Total-amount of synthesis gas used, MeJ..eccccoee | 20,725 | 56,255 
Total oil formed: 3 
Liters re ar Pee ee ere eee re arr ee 2 ,288 4,203 


cc. /m.3 or synthesis ZASececccsrscscoevevcccs &6 15 
cc. fms Of UseLUL BASceceseseccvccesecsceces | 102 86 
cc. /m.3 of Hot+CO TOACTEM ce ccvcccccvseccceseses 139 180 


When the iron catalyst was used in laboratory-scale tests, no formation 
of water was. noticed; in a large-scale test such as this, however, water was 
detected in the product. Moreover, in this test, possibly due to the low 
reaction temperature, gasol formation was small, averaging 3 1./0.3 of syn- 
thesis gas (table 19), The composition of the. gasol fraction is given in 
table 23-B. | 2 7 


Thus, there seems to be justification for using iron catalysts indus- 
trially, but because a synthesis gas is used that differs in composition. 
fran the theoretical, the exit gas has the following average percentage com- 
position: COs = 25.7, Oo = 0.1, CH, = 1.0, CO.= 4.1, Ho = 56.7, CHy = 4.9, 
and No = 7.5. A method of recirculating this tail gas would greatly improve 
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the efficiency. For this -purpose, a simple flow sheet is proposed in figure 
37, in which, first, the COo is removed from the waste gas, and, second, the 
hydrogen is recirculated after passing through the condenser. The CQ) re- 
moved fram the tail gas could be reacted with the methane in coal gas in a 
special CO generator; the reduction of COQ. by means of coke is not economi- 
cally’ sound because of the high temperature (combustion with Oo) reauired. 
The CO farmed by reaction with coal gas is then mixed with the recirculating 
Hy to form additional synthesis gas. By this procedure with iron catalyst, 
7.5 1, of synthesis gasoline and 8.4 kg. of coke could be produced from 50 
ke. of coal. 


CALCULATION OF HEAT TRANSFER DATA 


The types of calculations employed in determining the heat-transfer 
characteristics of the various converters studied are exemplified by those 
shown below for a 24-hour period (July 22-duly 23) during operation of the 
100-m.3/hr. water-cooled converter using a cobalt catalyst. 


Based on the average composition of the synthesis gas (table 6) as well 
as the average extent of reaction and analysis of the product gases (table 9) 
for that 24-hour period, a value for the heat of reaction of 7,854 kcal. fmol 
was obtained. Reduced to one cubic meter of synthesis gas, this value beccmes 
350 kcal., and, at the throughput of 1,865 m.3 during this time, the heat 
generated in the converter was calculated to be 


65 
e = 1,80) . 27 ,200 kcal. /nr, 


From table 10, the average temperature.differential betweon cooling mediun 
and catalyst bed was observed to be 4.8° G,; the cooling surface available 
in this converter wes 139,05 m.°, From these data, the over-all coefficient 
of heat transfer could be obtained; thus 


U = TEENS = 40.75 (keal.)(m.2)-1(he.)-1( c,)-l, 


In these calculations, the heat of reaction was divided by the average dif- 
ference in temperature, a situation not at all representative of actual con- 
ditions in the converter, as the reaction does not proceed in a uniform manner 
throughout the bed but is concentrated in that portion of the catalyst nearest 
the gas. inlet. Actual calculations of such point-to-point conditions, however, 
would prove extremely complicated, 


Where heat is transforre@, as it is in this case, through a gas filn, 
an intervening metal wall, and a liquid film, by far the greatest resistance 
to the heat flow is offered by the gas film, Thus, the over-all coefficient 
of heat transfer Obtained above may be assumed to approximate that of the 
heat-transfer coefficient existing across the gas film, In designing the 
100-m.3/hr. converter, some estimates were made of the gas film coefficient. 
How well these estimates wore substantiated by subsequent experimental 
evidence will be discussed below, 
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Figure 37. - Proposed flow diagram for recirculating tail gas. 
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Although the 100-m.3/nr. converter utilizes the cooling medium inside 
tubes while the reaction gases flow around the outside of the tubes, esti- 
mates of the film coefficients were made on the basis of an inner-catalyst 
converter (gases inside tubes; coOlant outside tubes) containing four 25-mm., 
I.D. tubes, such as the converter shown in figure 2, This was done to 
simplify the necessary calculations, Assuming a constant hourly flow of 
gases through the tubes as 100 liters at 200° C., the gas velocity within 
the catalyst tubes is given by 


A200} (1,000) (1) C73) = 2,45 om./sec. 
(2.5)*( w) (3,600) (4) (273) 


Of course, the volume of the gases id reduced in their passage through the 
tubes because of the reactions occurring, but this effect has been disre- 
garded, The resulting velocity (2.45 cm./sec.) is much lower than that 
usually used in industry and gives rise to a Reynolds number of 


2.5) (0.316) (2.4 


LOO ssl) (ioy-7 = 9-3 


which suggests that a reasonable estimate might be made by assuming that heat 


is transferred through the gas only by convection in an ney tube, The 
Grashof and Prandtl numbers were calculated as 


L392B eat 
Nag = AEE « 212.0 


and 
| gar 
by using the following values: 


L = inside diameter of catalyst tube = 25 cn. 


P = density of the gas = 0,000316 em. /om.? 
| | ae? 1 %,-2 
B = coefficient of expansion of the gas = rE . 
@ = acceleration due to gravity = 980 om. /aec.~ 
At= temperature difference between gases and cooling 


a = 2 Ce 
\L = gas viecosity = 2 (351 x 10 ot poise 


c = specific heat at constant pressure = 0,578 cal, /gn. 
k = specific thermal conductivity = 0,112 cal, 
ae 8 260 sec. OC. 
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Thus , 
log (Ng,) (Np) = 1.9626 


and, from the diagram on page 156 of Uchida's book, 


: log ne = 0.34, 


yielding the film coefficient 


= (1.22) CsA Que) | = 11.88 (kcal) (m2)"'he y"1(og 72 


where 1.22 is the coefficient for erect pipes. 


me is evident, therefore, that the over-all heat-transfer coefficient’ 
(U = 40.75) is much greater than the gas film coefficient, h, calculated 
for heat transfer only by free convection. It is believed that this dif- 
ference in coefficients is a result of .(1) the effect of turbulence caused 
by the flow of gases eround the catalyst granules in the packed tubes and (2) 
existence of a partial liquid film inside the catalyst tube resulting from 
formation of liquid products in the synthesis. 


Application of an equation developed by A. P. Colbum for calculating 
the gas film coefficient in tubes for turbulent flow at the critical veloc- 


ity resulted in a value even smllers > 

h=8 aC, 20 2q0 +83 e 4. (kcal.) (m.2) 2} (hr.) 72(°c.) 71 
where | 

h = gas film cocfficient of neat transfer 


a= constant depending on size of pipe 


specific heat of gas ae constant pressure = 0.578 


Cy r 
. (keal.) (kg.)“4(0C.) 71 
% = viscosity of gas = 2,351 x 1079 centipoise 


G = mass velocity of gas = 0.000316 x 2.45 (ame) (cms) *(sec.) 72 
It is obvious that Colbum's equation does not apply in this case and demon- 
strates the importance of the state of gas flow in ve eclection of a suit- 
able method of film coefficient calculation. 
SUMMARY 

1. Using a cobalt catalyst ty a water-cooled converter (desigmed for 
synthesis gas throughput of 100 m. ’ far. yy a 2-week run was carried out 
successfully. 
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2, Over a reaction temperature range of 200° to 215° C, and at an 
average gas throughput of 79.6 m. /hr., the following average yields were 
obtained at an average apparent contraction of 56.2 percent: 168 ml. of 
water, 86 ml. of primary liquid products (011), and 7 liters of gasol per 
cubic meter of synthesis gas. Correcting these results for the 15.5 per- 
cent of inerts contained in the synthesis gas produced an actual contraction 
of 66.5 percent and increased the yield values to 199 ml. of water, 10e ml. 
of oil, and 8 liters of gasol per cubic meter of pure 2Hp:100 gas. 


3. These results suggest that commercial synthesis of gasoline and 
hydrocarbon oils in a water-cooled converter may be economically feasible. 


4, Using the 100 m3 /nr, converter and an iron catalyst, a continuous 
run of one month was conducted. 


5. No significant decrease of catalyst activity was noted over a 
period of one month using a synthesis gas of CO:H,¥1:2. 


6. The average amount of oil formed was 75 cc./m,3 of synthesis ges 
(on basis of useful gas, 86 cc./m.3); this compares favorably with the 
corresponding yields using cobalt catalyst. 


7. The product oil rich in unsaturated canpounds, 


8, If ira catalyst is used with a hydrogen-rich feed gas, the Ho in 
the oxit gas must be recirculated for maximum efficiency, 


9. Comparison of the results of the synthesis of hydrocarbons in various 
converters having different ratios of cooling surface to catalyst volume (A/V) 
it was possible to determine the optimum A/V for use in future designs. The 
results are compared in table 25, It is evident from these data that locating 
the catalyst outside the cooling tubes is preferable, as less cooling surface 
is thus required, (The number of plus signs in the right-hand colum of 
table 25 indicates the merit of the furnace.) The table shows that the best 
arrangement tested was that of an outer-catalyst camverter where a cooling 
surface of 1.32 cm,* was present for every cubic centimeter Of catalyst. 


TABLE 25, - Comparison of cooling surface areas of 


various converter des gns 


| Tube |Center-to-cente Measure of 
I.D., spacing of merit, 
Coolant | m. tubes, mn, AN | (-)e(O)e(+) 
op) - 


Throughput 
Type of converter} m,3 ° 
Inner-catalyst..ees =) 


DOs,.awessiiees .) 
-) 


Do, eeoee0esese 
Outer-catalyst. ee 
DO, eeoeeevece 


Do. @#ee@e@e28080t@6@ 


Do. eerveeersen 
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